We give a brief survey on the physical significance of the low-mass scalar mesons in QCD, and also report on recent lattice studies on the sigma and kappa mesons. The importance to explore the in-medium properties of the hadrons is mentioned. §1. Introduction; physical significance of low-lying scalar mesons A new era of hadron spectroscopy may have begun, which was initiated by the announcement of the pentaquark baryon 1) and many other possible exotic hadrons with mass larger than 2 GeV containing heavy quarks. 2) These experimental developments prompted the intensive theoretical studies of QCD dynamics with new as well as old ideas on the structure and dynamics of the hadrons, which include chiral dynamics, multi-quark states with diquark correlations or molecular states and hybrids.
A new era of hadron spectroscopy may have begun, which was initiated by the announcement of the pentaquark baryon 1) and many other possible exotic hadrons with mass larger than 2 GeV containing heavy quarks. 2) These experimental developments prompted the intensive theoretical studies of QCD dynamics with new as well as old ideas on the structure and dynamics of the hadrons, which include chiral dynamics, multi-quark states with diquark correlations or molecular states and hybrids. 2) It is to be noted that such a controversy on the structure of hadrons is also the case for the scalar mesons below 1 GeV; they are the I = 0 and J P C = 0 ++ meson, i.e., the σ(400 − 600) 3) seen in the π-π scattering and in decay products from heavy-quark systems 4), 5) and also the iso-doublet strange scalar meson, i.e., the κ with mass ∼ 800 MeV. 5) The significance of the σ in hadron physics may be summarized as follows: 6) (i) The σ with a mass 400 ∼ 600 MeV is responsible for the intermediate range attraction in the nuclear force; without the σ contribution, any nucleus can not be bound, nor possible our existence. (ii) The existence of the σ resonance can account for the ∆I = 1/2 enhancement in the decay process K 0 → 2π in comparison with K + → π + π − . 7) (iii) The empirical value of the π-N sigma term Σ πN = (m u + m d )/2 · N |qq|N ∼ 40-60 MeV may be a reflection of the properties of the σ as a collective mode: In fact, an analysis 6), 8) with a chiral model which describes the σ meson as a collective mode gives an enhancement of the scalar charge of the nucleon as N |ūu+dd|N ∼ 9, which is almost sufficient for accounting the empirical value of the sigma term with (m u + m d )/2 ∼ 5.5 MeV, in contrast with the naive quark model which would give N |ūu +dd|N = 3. See Ref. 6 ) for more detailed discussions on the significance of the σ meson in hadron physics.
The basic idea underlying the present report is that the low-energy hadron physics may be regarded as a study of the nature of QCD vacuum. In other words, hadron physics is a condensed matter physics of the QCD vacuum: In this point of view, hadrons are elementary excitations on top of the non-perturbative vacuum, although QCD itself is written solely in terms of quark and gluon fields. Such a viewpoint on the vacuum in quantum field theories was introduced by Nambu. 9) Thus one sees that the iso-scalar and scalar meson can have an important aspect as a Higgs boson of QCD: 6) The chiral transition is a phase transition of QCD vacuum withbeing the order parameter, as clearly shown by the lattice simulations. 10) In fact, Nambu 9) showed that an isoscalar-scalar meson with J P C = 0 ++ , i.e., the σ emerges as a quantum fluctuations of the chiral order parameter : (qq) 2 : with the mass 2 M q as another collective mode as the pion does, where M q is the dynamically generated quark mass. This picture should remain valid for QCD and the NJL model in fact works rather well for describing some aspects of the low energy hadron dynamics related to chiral symmetry and its dynamical breaking. 11) If a phase transition is of second order or weak 1st order, there exists "soft" modes which decreases it mass when the system approach the critical point; the soft modes are actually fluctuations of the order parameter of the phase transition. For chiral transition, the relevant fluctuation is described by (:qq :) 2 , which has the same quantum numbers as the σ-meson does, i.e., (I = 0, J P C = 0 ++ ). Accordingly the σ meson can become the soft mode of chiral transition at T = 0 and/or ρ B = 0: 11), 12) m σ → 0, Γ σ → 0 The lattice calculation 10) of the generalized mass m
defined in terms of the scalar correlation function (qq) 2 shows that the above picture is valid. In this respect, it is to be noticed that the peak position of the correlation function or the fluctuation (qq) 2 is used to identify the critical temperature of the chiral transition T As mentioned in the previous section, there are controversies on the nature of the low-lying scalar mesons. In the non-relativistic constituent quark model, J P C = 0 ++ is realized as a 3 P 0 state, which implies that the mass of the σ should be in the 1.2-1.6 GeV region. Therefore some mechanism is needed to down the mass. The possible mechanisms so far proposed include: (1) The color magnetic interaction between the di-quarks as advocated by Jaffe; 13) according to this conjecture, the σ and other low-mass scalar mesons are tetra-quark states. (2) The collectiveness of the scalar mode as the pseudoscalar mode; a superposition ofstates, which collectiveness is due to chiral symmetry. 9) (3) These scalar mesons may be simply a resonance states of the NG bosons as the unitarized chiral dynamics could account for the existence of them. 14) Facing these problems with the σ, it would be interesting to explore the possible existence and the nature of the low-lying scalar mesons in the first-principle calculation of QCD. Alford and Jaffe 15) examined whether the diquark correlations in the σ channel is significant and thereby tried to have a suggestion the σ is a tetraquark state. They found in fact a large attraction for heavy quark systems. But it should be warned that their calculations do not include the disconnected diagrams, i.e., closed quark loops, which means that the state being calculated is not a genuine flavor-singlet state. The SCALAR collaboration 16) performed a full QCD calculation of the σ meson using the hybrid Monte Carlo method, which incorporated explicitly the disconnected diagrams by the Z 2 -noise method with the 8 3 × 16 lattice: The Wilson fermion with three quark masses and plaquette gauge action are employed; see 16) for the details of the lattice setup. The full QCD calculation includes the q-q creation and annihilation processes into the pure gluon states in the intermediate states so that possible tetra-quark, glue-ball states and so on can be taken into account, in contrast to the quenched approximation. The results are summarized as follows: The better signal of the σ propagator is obtained for smaller quark masses and the contribution from the disconnected diagrams dominate the propagators over the connected ones. The simulation shows the existence of a clear σ resonance, especially for smaller quark masses, and the resulting σ is almost degenerated with the ρ meson for the smallest quark mass, although the σ mass becomes much smaller than the ρ mass when the naive chiral limit is taken. Wada et al 17) have recently performed a lattice calculation of the κ meson mass in the quenched level with a large lattice to see whether the flavored scalar meson to which the disconnected diagrams do not contribute can have a small mass as 800 MeV as obtained in experiment. The result is negative as anticipated, which may mean that the scalar mesons including the σ and the κ should have exotic structures which can not be described by the simple constituent quark model. §3. Summary and concluding remarks
We have emphasized that the σ meson and other low-lying scalar mesons are as mysterious as the Θ + and other candidates of the exotics with charm: Naive quark model is in trouble for explaining such a low-mass state in the 3 P 0 state; it may be a four-quark or π-π resonance state with no internal quark structure. The σ might be also a collective q-q state to be identified as the quantum fluctuation of the order parameter of the chiral transition as Nambu originally suggested. The existence of such a collective mode in the scalar channel can account for some phenomena in hadron physics which otherwise remain mysterious. In short, the understanding of the nature or the even (non-)existence of the low-lying scalar mesons, especially of the σ, is important for a deep understanding of the QCD vacuum as well as the QCD/hadron dynamics.
A full QCD lattice simulation suggests the existence of a low-lying sigma, though its physics content, i.e., a tetraquark, a hybrid with the glue ball or the q-q collective state, is obscure: The disconnected diagram gives the dominant contribution to the σ propagator. The simulation shows that m π < m σ < m ρ in the chiral limit. A quenched Lattice calculation suggests that the κ can not be a normal q-q state, either.
To identify the nature of the σ meson, exploring the possible change of the spectral function in the scalar channel in the hot and/or dense medium would be interesting, especially to examine whether the σ meson can be really identified with the quantum fluctuations of the chiral order parameter; 11), 12), 18), 19) a peculiar enhancement of the spectral function in the σ channel in the lowering energy side may be observed along with a partial restoration of chiral symmetry in the medium. 19) Recently, possible N c -dependence of the nature of the σ meson has been noticed by some authors; 20) T. Schaefer showed that at N c = 3 the low mass σ exists which is described as a linear combination of q-q and (qq) 2 . However, for larger N c , m σ goes up and the σ becomes mainly composed of q-q. The same problem is examined by Pelaez but somewhat different conclusions are deduced. The fate of a hadron in the large N c limit might also tell whether the hadron is an ordinary hadron as a Feshbach resonance or an extraordinary hadron. 21) 
